Circadian rhythms in social insects are highly plastic and are modulated by multiple factors. In addition, complex behaviors such as sun-compass orientation and time learning are clearly regulated by the circadian system in these organisms. Despite these unique features of social insect clocks, the mechanisms as well as the functional and evolutionary relevance of these traits remain largely unknown. Here we show a modification of the Drosophila activity monitoring (DAM) system that allowed us to measure locomotor rhythms of the honey bee, Apis mellifera (three variants; gAHB, carnica and caucasica), and two paper wasps (Polistes crinitus and Mischocyttarus phthisicus). A side-by-side comparison of the endogenous period under constant darkness (free-running period) led us to the realization that these social insects exhibit significant deviations from the Earth's 24 h rotational period as well as a large degree of inter-individual variation compared with Drosophila. Experiments at different temperatures, using honey bees as a model, revealed that testing the endogenous rhythm at 35°C, which is the hive's core temperature, results in average periods closer to 24 h compared with 25°C (23.8 h at 35°C versus 22.7 h at 25°C). This finding suggests that the degree of tuning of circadian temperature compensation varies among different organisms. We expect that the commercial availability, cost-effectiveness and integrated nature of this monitoring system will facilitate the growth of the circadian field in these social insects and catalyze our understanding of the mechanisms as well as the functional and evolutionary relevance of circadian rhythms.
INTRODUCTION
Circadian rhythms are biological oscillations with a period of ~24 h that serve as endogenous timers to synchronize internal physiological processes, such as sleep and metabolism, with environmental conditions (Green et al., 2008) . At the molecular level, a set of proteins (e.g. period, clock, cryptochrome) cycle as a result of negative feedback loops formed by the interactions of these proteins at the transcriptional and translational levels (Bell-Pedersen et al., 2005; Hardin, 2011) . At the level of the organism, various pacemakers in the brain, as well as the periphery, work together to integrate multiple predictable changes of the environment (e.g. light, temperature, etc.) to orchestrate a wide range of physiological processes Mohawk and Takahashi, 2011) . Despite the wealth of knowledge contributing to our understanding of the neural and molecular bases of circadian clocks, much less is known about the evolution of the circadian systems and how a wide range of biological processes including sleep, age, social interactions and reproductive status regulate the circadian machinery and vice versa Johnson et al., 2010; Helfrich-Förster et al., 2011) . Therefore, comparative studies of the circadian rhythms are needed.
The circadian system of the honey bee and other social insects exhibits a great degree of plasticity and provides an excellent model with which to understand the mechanisms underlying sleep, social and reproductive regulation, as well as the development of circadian rhythms. In addition, the honey bee circadian system regulates complex physiological and behavioral processes such as sleep stages, spatiotemporal learning, sun-compass navigation, time perception, division of labor, mating and reproduction (von Frisch, 1967; Moore and Rankin, 1985; Goodwin and Lewis, 1987; Harano et al., 2007; Shemesh et al., 2007; Moore and Doherty, 2009; Johnson et al., 2010; Shemesh et al., 2010; Cheeseman et al., 2012; Eban-Rothschild and Bloch, 2012; GalindoCardona et al., 2012) . Both the wide range of biological processes under circadian regulation and the extraordinary plasticity of the circadian network of these organisms potentially represent unique evolutionary challenges and solutions. Despite the potential insight into the functional and evolutionary relevance of circadian rhythms that could be uncovered from studying different social insects, only a few representatives (honey bees and bumble bees) have been studied in depth (Spangler, 1972; Moore and Rankin, 1985; Toma et al., 2000; Eban-Rothschild et al., 2011) .
In Drosophila, the existence of a simple, affordable and commercially available system for measurements of circadian locomotor activity has facilitated genome-wide genetic screens of thousands of mutant lines and catalyzed the growth of the field (Reddy et al., 1984; Zehring et al., 1984; Kjaersgaard et al., 2010; Hardin, 2011; Peschel and Helfrich-Förster, 2011 ). In addition, Bahrndorff et al. (Bahrndorff et al., 2012) has recently adopted the Trikinetics system to measure locomotor activity in the housefly, Musca domestica. Given the success of this system, our goal was to adapt the Drosophila activity monitoring system (DAM) (Trikinetics Inc., Waltman, MA, USA) for use in honey bees, wasps and other similar-sized insects.
Although there are currently various methods to record locomotor activity, such as video recordings combined with video-tracking systems (Colomb et al., 2012; Donelson et al., 2012; Gilestro, 2012) , infrared-based systems such as the Trikinetics system are still the most commonly used. In general, infrared-based systems for measuring locomotor activity require the following components: (1) a chamber with an infrared beam that detects activity as the number of beam interruptions, (2) an interphase that will collect the data from the chamber and send it to a computer, (3) data acquisition software to translate the interphase data into readable files, and (4) data analysis software to calculate the different circadian parameters (period, phase, rhythm strength, etc.).
The Trikinetics system includes the infrared-containing chambers, the interphase and the data acquisition software as a unified system (for a diagram of the complete system, see catalog at http://www.trikinetics.com/Downloads/Catalog1105.pdf). It is commercially available, easily modified and has been used in more than 600 publications. In addition, its adaptation for use in honey bees and other similar-sized insects would enable the use of multiple sophisticated data analysis tools that have been developed and validated throughout the years (Levine et al., 2002b; Gilestro and Cirelli, 2009; Schmid et al., 2011) .
In contrast, other available monitoring systems are not unified in the sense that the infrared chambers, interphase and acquisition software come from different sources (Moore and Rankin, 1985; Toma et al., 2000; Shimizu et al., 2001) . For example, one of the most commonly used systems, described in Toma et al. (Toma et al., 2000) , uses custom-made infrared chambers (see Moore and Rankin, 1985) with an interphase originally designed for a rodent infrared system. This adaptation makes the setup and optimization process troublesome, as the output of the infrared cage requires substantial adjustments to meet the interphase specifications. Finally, without considering the cost of the custom-made infrared chambers, this system requires an initial investment of ~8610.00 USD to measure locomotor activity of a maximum of 24 individuals, which is the limit of the interphase unit. This is in sharp contrast with the Trikinetics system, which, including the infrared chambers, requires an investment of ~1200.00 USD for 32 individuals and the interphase limit is 3480 individuals.
In this study, we modified the DAM from Trikinetics and optimized experimental conditions for measuring locomotor activity rhythms in larger insects ( Fig. 1 ; see Materials and methods for a detailed description). Using this system, we measured the locomotor activity rhythms of three honey bee (Apis mellifera L.) variants, the gentle Africanized Honey Bee (gAHB) (Rivera-Marchand et al., 2012) , and the subspecies carnica, a honey bee ecotype from Kırklareli, and caucasica, discriminated by morphology and microsatellite analyses (Kandemir et al., 2000; Bodur et al., 2007) . In addition, we measured for the first time the locomotor rhythms of two paper wasps, Mischocyttarus phthisicus and Polistes crinitus. Using this system, we found that the free-running period of honey bees and wasps at 25°C significantly deviates from 24 h and exhibits a large degree of interindividual variation when compared with Drosophila. Moreover, we found that testing the endogenous rhythm at 35°C, which is the hive's core temperature, results in average periods closer to 24 h.
RESULTS
Previous studies have shown that the endogenous period of honey bee foragers under constant darkness (DD) is less than 24 h and ranges from 21.5 to 23.3 h (Spangler, 1972; Moore and Rankin, 1985; Toma et al., 2000) . To test whether our activity monitoring system would produce comparable results, we examined the endogenous period of individual colonies of three different honey bees sampled under constant darkness: gAHB from Gurabo Experimental Agricultural Station, Puerto Rico (Rivera-Marchand et al., 2012) , and carnica and caucasica subspecies from a common garden apiary in Ankara, Turkey (Giray et al., 2010) .
Consistent with previous results, we found that the endogenous period under DD of these bee groups is less than 24 h (Fig. 2) . Interestingly, our results show that the gAHB hybrid has a significantly longer period (mean ± s.e.m., 22.5±0.13 h, n=58) than either the carnica (21.3±0.24 h, n=11, P<0.0013) or caucasica (21.7±0.36 h, n=13, P<0.0339) subspecies. Given the large colony-colony variation in period length, we interpret that the observed differences among these honey bees is associated with this variation, rather than actual species differences. However, further studies using a representative number of colonies from each subspecies and gAHB are needed to determine the statistical significance of these differences.
To test whether the conditions of our monitoring system are suitable for other similarly sized insects, locally available wasps from different genera within the Polistinae subfamily (P. crinitus and M. phthisicus) were collected and examined under DD. Analysis of the circadian locomotor behavior revealed that both species of wasp have an endogenous rhythm greater than 24 h under DD (P. crinitus, 24.6±0.29 h, n=13; and M. phthisicus, 25.3±0.22 h, n=24; Fig. 3) . When comparing the locomotor pattern of individual honey bees, wasps and fruit flies (as a reference), we noticed that not only is the period different among these insects, but also that the degree of inter-individual variation dramatically changes (Fig. 4) . Given the adaptive role of having a period that matches the environment (Pittendrigh and Bruce, 1959; Saunders, 1972; Ouyang et al., 1998; Dodd et al., 2005; Emerson et al., 2008; Vaze and Sharma, 2013) , we were intrigued by the finding that the endogenous clock of honey bees and paper wasps significantly deviates from 24 h (Fig. 4) . Honey bees tightly regulate the hive's temperature so that the center of the hive is 35°C±0.5 h (Winston, 1987; Jones et al., 2004) . We wondered whether the fact that our experiments were performed at 25°C rather than 35°C was associated with the observed deviation. We hypothesized that if the period deviation is due to the difference between the natural and the test temperature, then testing the endogenous rhythm at 35°C will result in periods closer to 24 h. To test this hypothesis, we collected foragers from six different colonies of gAHB and divided them into two groups that were tested at either 25°C or 35°C.
Consistent with our hypothesis, we found that the overall average period at 35°C is closer to 24 h (23.8±0.19 h, n=54) than at 25°C (22.7±0.19 h, n=50) (Fig. 5A) . A two-way ANOVA using temperature and colony as factors revealed that an increase in temperature increases period length, regardless of the colony sampled (Fig. 5B) .
DISCUSSION
Here we demonstrate for the first time that the Trikinetics LAM system, originally developed for measuring locomotor activity in fruit flies, allows high-throughput measurements of circadian rhythms in different honey bee groups and paper wasp genera. Using this system, we show that the endogenous period of honey bees and wasps significantly deviates from 24 h under constant darkness (Figs 2-4). Using the honey bee as our model, we found that testing the endogenous rhythm at 35°C reduces the observed deviations from 24 h (Fig. 5 ). In addition, we show that honey bees and paper wasps exhibit a large degree of inter-individual variation (Fig. 4) .
We found that honey bees exhibit periods shorter than 24 h while both P. crinitus and M. phthisicus wasps show long periods (Figs 2-4). The short period phenotype of honey bees has been shown by multiple groups around the world using different subspecies and various monitoring systems (Spangler, 1972; Moore and Rankin, 1985; Toma et al., 2000) . Both honey bee subspecies from Turkey (carnica and caucasica) show shorter periods when compared with honey bees from Puerto Rico. Because bees were placed directly into DD, differences in the environment may affect their endogenous rhythm. (ii) Autocorrelation plots used to determine the period (p), rhythm index (RI) and rhythm strength (RS), as described previously (Levine et al., 2002b) . In general, the oscillation of this function shows periodicity. The asterisk shown on the third peak of the autocorrelation plot indicates the specific time point used for the determination of the rhythm parameters. (iii) The maximum entropy spectral analysis (MESA) plot is an independent algorithm used to determine period (t) (Levine et al., 2002b) .
The sunrise and sunset at the time of collection for the bees in Puerto Rico was 05:57 and 19:05 h, respectively, while for the bees in Turkey they were 04:30 and 19:18 h. These sunrise/sunset time schedules represent light:dark (LD) cycles of ~13 h:11 h and 15 h:9 h, respectively. Previous studies in a wide range of species have shown that entrainment with different photoperiods can lead to changes in the free-running period as well as in the relative length of the activity and rest phases (Pittendrigh and Daan, 1976) . Whether these changes occur and their direction largely depends on the species (Pittendrigh and Daan, 1976) . For example, the freerunning period of the mouse Peromyscus leucopus is reduced by long photoperiods (e.g. 18 h:6 h LD), while that in the hamster Mesocricetus auratus is not altered by the same treatment. In contrast, long photoperiods increase the free-running period of the white-crowned sparrow Zonotrichia leucophrys as well as the fruit fly Drosophila pseudoobscura (Gwinner, 1975; Pittendrigh and Daan, 1976) . Even though the locomotor pattern of honey bees under short and long photoperiods has been studied (Moore and Rankin, 1993) , whether these photoperiods alter circadian locomotor behavior under constant conditions remains to be elucidated.
Our findings indicate that the free-running period of the two strains assayed in Turkey tend to be shorter than of honey bees from Puerto Rico (Fig. 4) . Although these findings suggest that long photoperiods may shorten the free-running period of honey bees, it is important to note that aside from being exposed to different photoperiods, the individuals shown in Fig. 4 come from single hives and are genetically distinct subspecies (Kandemir et al., 2000; Bodur et al., 2007; Rivera-Marchand et al., 2012) . Therefore, further studies controlling these factors are required to determine the potential effects of photoperiod on the free-running period of honey bees.
Although the circadian locomotor rhythms of M. phthisicus and P. crinitus wasps have never been reported, circadian studies using the solitary wasp Nasonia vitripennis have shown that its endogenous period under DD is also greater than 24 h (Bertossa et al., 2010) . Whether these deviations from the Earth's rotational period are related to the specific laboratory conditions or whether they are observed under more natural conditions became another of our research questions.
We found that testing the endogenous rhythm at the hive's core temperature (35°C) results in periods closer to 24 h (Fig. 5) , highlighting the importance of simulating natural conditions in laboratory experiments. The importance of simulating the natural environment for circadian studies was recently underlined in Drosophila (Vanin et al., 2012) . Although this is the first time that circadian temperature responses have been reported in A. mellifera, similar findings have been observed in A. cerana japonica (Fuchikawa and Shimizu, 2007a; Fuchikawa and Shimizu, 2007b ). This finding is surprising because the ability to maintain a fixed endogenous period throughout a range of physiological temperatures (temperature compensation) is a defining feature of circadian rhythms (Zehring et al., 1984) . Moreover, population genetic studies in Drosophila indicate that temperature compensation is under natural selection and is important for adapting to high latitudes (Sawyer et al., 1997; Sawyer et al., 2006) . A possible explanation to the observed alterations of temperature compensation in honey bees could be that because they tightly regulate their hive temperature (Winston, 1987; Jones et al., 2004) , the selective pressure to maintain this trait has been eliminated or reduced. If this were the case, we would expect that the clock's response to temperature changes would greatly vary among different honey bee species. However, the fact that A. m. ligustica, A. m. carnica and A. cerana japonica exhibit short periods at
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The Journal of Experimental Biology (2014) temperatures below 35°C suggests that the circadian clock's response to temperature is at least conserved within the Apis genus. This pattern is inconsistent with relaxed selection and therefore suggests that the tendency to present shorter periods in temperatures lower than 35°C may be an adaptive trait in honey bees. At this moment, we do not know what the functional relevance of this trait could be, but one might speculate that having a fast clock during cold seasons may allow bees to take full advantage of the shorter light periods associated with these seasons. Further studies are needed to ascertain whether altered temperature compensation is also associated with long period in the wasps used in this study, and whether it extends to other social insects. Beyond the differences in the endogenous period under constant darkness, we observed a large degree of inter-individual variation among honey bees and paper wasps when compared with fruit flies (Fig. 4) . Among the possible factors that could explain this interindividual variation are age, genetic differences in the core circadian genes, reproductive status and division of labor. Moreover, the sources of variability may differ in each of these organisms.
In the case of Drosophila, even though the phase and strength of circadian locomotor rhythms is influenced by age and social interactions, the endogenous period length under constant darkness is highly robust and appears to be resistant to these factors (Levine et al., 2002a; Koh et al., 2006; Billeter et al., 2012) . Thus, the small variation observed in Drosophila may be related to the robustness of the endogenous period of this organism combined with the fact that age, sex and genetic background were controlled. In addition, even when the whole genome is blasted with mutagenic agents, introducing a large number of random mutations and dramatically increasing genetic variability, the period length only changes significantly when core circadian genes are mutated (Konopka and Benzer, 1971; Zehring et al., 1984) .
In honey bees, the large inter-individual variation among foragers (Fig. 4 ) could be associated with age differences or foraging specialization. Although all of the bees collected were foragers, their age could range anywhere from 15 to 28 days (Winston, 1987) . Given that age is a major regulator of the circadian system in honey bees (Moore et al., 1998) , this may be another source of variation. An additional factor could be that specialized water-, pollen -, nectarand/or propolis-foraging individuals may be present within our sample (Page et al., 2006; Giray et al., 2007) . Despite the fact that foraging specialization and age may be different, no studies have dissected the effect of forager age and specialization on circadian periodicity. Thus, whether these factors contribute to the observed variation requires further study.
In the paper wasp species P. crinitus and M. phthisicus, the large variation in period length, compared with Drosophila, could also be associated with age differences, division of labor or reproductive status (Giray et al., 2005) . In this study, only females from both P. crinitus and M. phthisicus were used in our samples, regardless of age. Although neither circadian periodicity nor its modulation by age has been previously reported for these wasp genera, it has been shown that their division of labor is dependent on age (Giray et al., 2005; Torres et al., 2012) . Therefore, age and its associated division of labor could be contributing factors to the observed period variation. Further studies are required to determine whether there is a relationship between age, division of labor and circadian rhythms in these eusocial wasps.
In our wasp samples, reproductive status may differ among individuals (i.e. there could be workers as well as mated queens and/or unmated queens). Although it is unknown whether the reproductive status alters the periodicity of circadian rhythms in these wasps, studies in honey bees and bumble bees have shown that
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The Journal of Experimental Biology (2014) rhythmic behavior in unmated and egg-laying queen bees is dramatically different across colony and isolation conditions (Koeniger and Koeniger, 2000; Harano et al., 2007; Johnson et al., 2010; Eban-Rothschild et al., 2011) . Furthermore, it is known that females of both of these paper wasp species can leave their parental nest, develop their reproductive system and become a nest foundress (Ross and Matthews, 1991) . This raises the possibility that isolated individuals in this study could have been undergoing processes related to separation from the colony and therefore contributing to the observed variability. In fact, we observed individual wasps that changed their period over time (data not shown), and we are currently exploring whether these changes are associated with the development of their reproductive system.
In conclusion, this study shows that the Trikinetics LAM system is suitable for measuring circadian rhythms in honey bees, paper wasps (P. crinitus and M. phthisicus) and potentially other similar-sized insects. The use of this system facilitates the setup and optimization processes and we expect this will increase the number of laboratories doing circadian research on social insects. Understanding the mechanisms underlying period deviations and the adaptive role of inter-individual variation are novel research avenues that could provide insights into the evolution of circadian rhythms as well as their relation to sociality.
MATERIALS AND METHODS
Activity monitoring system Locomotor activity monitor
Locomotor activity monitors (Fig. 1A) were developed by Trikinetics Inc. (Waltham, MA, USA) at the request of the investigators (model number LAM16). Each unit has 32 independent activity channels, which measure activity by using three infrared beams and sensors to ensure that recordings are accurate. One of the main challenges of adapting the Trikinetics system for use with bees and wasps was the food and water delivery system. We designed a water system (see Water system, below) to be capable of providing water ad libitum for several days, while food was provided in the form of honey candy.
Water system
The water system (Fig. 1B) was built from a 30-cm-long plastic tube with eight 6.35 mm and one 1.6 mm hole between the seventh and eighth hole for water refilling. The left side of the tube was sealed using a clear custommade plastic cap, which served to gauge the water level. Both the screw cap attachment and the clear cap were permanently sealed using plumber's cement (Oatey Rain-R-Shine no. 308933). Each sampling tube was connected to the water system by plastic refrigeration tubing 6.35 mm in diameter and 25 mm in length. Thinly cut (10×2 mm) Trans-Blot ® filter paper (Bio-Rad Laboratories Inc.) was placed inside each water system connector to provide water ad libitum to each individual.
Sampling tubes and food
VWR
® high-performance 15 ml centrifuge tubes (Fig. 1C) were modified to be used as sampling tubes by adding a 6.35 mm hole for the water system connector and 16 parallel 1.6 mm holes for air flow in each tube. Bee candy was prepared (in the laboratory) using a 60:40 mixture of pulverized cane sugar and honey and was provided ad libitum in the cap of each sampling tube. The cane sugar was pulverized using a coffee grinder and mixed with the honey slowly to ensure homogenization. Cheese-cloth was put on top of the food to ensure that only the mouthparts of the insect would have access to the food, thus preventing the insect from getting stuck to the food.
Animals
Apis mellifera gAHB (A. m. scutellata hybrid from Puerto Rico) During July 2011, honey bee foragers were collected at the entrance of a healthy colony, located at the University of Puerto Rico (UPR) Gurabo Experimental Station in Gurabo, Puerto Rico. To ensure the capture of foragers, an 8-mesh wire screen (3.2×3.2 mm mesh size) was placed in the entrance of the hive and incoming foragers were allowed to climb inside plastic vials where they were captured, in a similar fashion as in Giray et al. (Giray et al., 2007) . After capture, foragers were provided food and water during transportation to the UPR Rio Piedras campus, which took between 30 and 45 min. Upon arrival to the UPR Rio Piedras campus, bees were briefly anesthetized using CO 2 , placed in the activity monitors and transferred to a light-, temperature-and humidity-controlled incubator (Percival, I-30BLL). Bees were placed in constant darkness from the beginning of the experiment; their circadian rhythms were entrained to the sunrise and sunset at the Gurabo experimental station, which prior to collection were ~05:50 to 19:05 h local time (-04:00 GMT) (United States Naval Observatory et al., 2011) . For all experiments, environmental conditions in the incubator were kept at 25°C, 80% relative humidity and constant darkness (DD). These conditions were continuously monitored using an Environmental Monitor (Trikinetics Inc., DEnM). Water system levels were checked daily and refilled as needed.
Temperature experiments
To determine the sample size required to detect a temperature effect of at least 1 h in the free-running period, we ran a power analysis test using the mean and standard deviation from the experiments shown in Fig. 4 for gAHB. The power analysis indicated that a total sample size of 60 individuals (30 per treatment) would be sufficient to have an actual power of 0.94 using an α-level of 0.05. Because we planned to use six colonies, in theory we needed 10 bees per colony. To account for potential colony-to-colony differences, as well as the high mortality of foragers (>50% at day 7) during circadian assays (Moore and Rankin, 1985) , a sample size of 40 foragers per colony was needed.
Groups of 40 foragers from six healthy colonies were collected, transported and anesthetized in the same fashion as described above, in January 2013. These groups were equally divided (20 per colony) and placed inside different incubators to record their endogenous periodicity in constant darkness at either 25°C or 35°C. Bees were entrained to the environmental light:dark cycles prior to collection, which began at 06:56 h and ended at 18:08 h local time (-04:00 GMT) (United States Naval Observatory et al., 2013) . From these experiments, rhythmic individuals (>70%) were considered for circadian period analysis.
Apis mellifera carnica and A. mellifera caucasica
Foragers were collected from the entrance of one colony of A. m. caucasica Gorbachev 1916 and one colony of A. m. carnica Pollman 1879 located in a common garden in the Middle East Technical University, Ankara, Turkey, during July 2011. After capture, foragers were placed in the LAMs with commercially available honey candy, which eliminates the necessity of adding water because it contains sorbitol and retains greater amount of water than regular bee candy (up to 25% water, Konya Seker TM ). Bees were entrained to the environmental light:dark cycles prior to collection, which began at 04:30 h and ended at 19:18 h local time (+02:00 GMT) (United States Naval Observatory et al., 2011) . For all experiments, incubator conditions were the following: 25°C, 80% relative humidity and constant darkness.
Polistes crinitus and Mischocyttarus phthisicus
Two nests of P. crinitus (Felton 1764) were collected in February 2012 from abandoned houses in the municipality of Cidra and in the Maricao State Forest in Puerto Rico and brought to our vivarium. At the time of collection, nests were post-emergence with a dominant queen, her adult offspring, eggs, larvae and pupae present (Ross and Matthews, 1991) . The wasps were anesthetized using CO 2 to allow for the fixing of the nest pedicel to the back wall of fly cages from BioQuip ® (Gibo, 1977; Hunt, 1984; Tibbetts and Curtis, 2007; Daugherty et al., 2011) .
Two nests of M. phthisicus (Fabricius 1793) were collected in February 2012 from Cambalache State Forest near Manatí, Puerto Rico. Nests contained approximately 30-70 workers and ~50-100 cells at the time of collection. Collection, placement, rearing and housing of M. phthisicus nests were performed in the same fashion as described for P. crinitus (Gibo, 1977; Hunt, 1984; Tibbetts and Curtis, 2007; Daugherty et al., 2011) .
Both M. phthisicus and P. crinitus nests were kept for 3 weeks in the vivarium before behavioral assays. During the housing period, we used honey bee worker pupae (white eye stage) as a protein source and bee candy as a carbohydrate source for the wasps. Both food items and water were provided ad libitum. During the 3-week period, individuals from nests inevitably died, escaped or were used in preliminary studies; the remaining individuals were used in this study. Individuals from both M. phthisicus and P. crinitus were collected in February 2012 and placed directly in constant darkness; they were entrained to their environmental light:dark cycles prior to collection, which began at 06:38 h and ended at 18:33 h local time (-04:00 GMT) (United States Naval Observatory et al., 2012) . Although all M. phthisicus (nest 1 n=13, nest 2 n=14) and P. crinitus (Cidra nests=8, Maricao nests=6) individuals used were females, age and reproductive status were not accounted for. Thus the presence of gynes, workers and queens within our sample is likely with respect to their natural history (Ross and Matthews, 1991) .
Drosophila melanogaster
Circadian assays were performed as previously described (Stoleru et al., 2004) . Briefly, 3-to 5-day-old female flies were anesthetized with CO 2 and placed in individual tubes containing fly food (5% sucrose, 2% agar). Tubes were then placed in Drosophila activity monitors (DAMs) within an environmentally controlled incubator (25°C, 60% humidity and constant darkness) and connected to the monitoring system (TriKinetics, Waltham, MA, UA).
Statistical analyses
Circadian rhythm and locomotor activity for all the individuals were analyzed using the MATLAB toolboxes developed in Jeffrey Hall's laboratory (Levine et al., 2002b) . The output of these toolboxes provides data on the individual's locomotor activity throughout the experiment in the form of an actogram, an autocorrelation and maximum entropy spectral analysis (MESA), which calculates the periodicity of the circadian rhythms for each individual, and the strength of their rhythms using circular statistics.
To compare variability among and between each of the groups sampled, non-parametric Kruskal-Wallis rank of sums test was followed by a post hoc Tukey's honestly significant difference test. A two-way ANOVA was used to verify the effects of colony and temperature in period length of foragers. All statistical analyses were performed using the JMP TM software package from SAS (SAS Institute Inc., 2009); graphs and figures were created in MATLAB (MathWorks, Inc., Natick, MA, USA) and GraphPad Prism 6.00 (GraphPad Software, La Jolla, CA, USA).
Troubleshooting
Were there any problems encountered adapting a fruit fly apparatus to honey bees and wasps?
In terms of adapting the apparatus to honey bees and wasps, the main changes compared with the fruit fly system were the addition of two more photocells, the type of food, the necessity of an independent water supply and air holes to the sampling tubes. For example, in fruit flies only one photocell is used and water and food come from a single food source containing 5% sucrose and 2% agar. This is sufficient to obtain reliable locomotor recordings for 2-3 weeks.
Why only three photocells?
The decision on the number of photocells was based on empirical evidence. We first tried different sized tubes and found that workers from our local honey bee (gAHB) could easily turn around to obtain food and water in each side of a tube with an inside diameter of 14 mm. Using the tube diameter and the average size of our worker bees (5-7 mm), we discussed the issues with the engineers from Trikinetics and decided to test three photocells in our initial prototype. We tested this prototype by comparing the number of beam crosses observed on video with those recorded by the infrared system. Surprisingly, our findings indicated that even one photocell resulted in a 100% correspondence between the video recording and the infrared system. However, we decided to continue with three photocells anticipating the eventuality of using smaller specimens.
How can the apparatus be changed to accommodate various sizes of bees and wasps?
The important parameters to change in order to accommodate organisms of different sizes are the size of the tube and the number of photocells. The number of photocells required depends on the relative size difference between the monitoring tube and the organism. The larger the tube with respect to the organism size, the higher the number of photocells required. Currently, the Trikinetics catalog has monitor sizes to accommodate tubes of 5, 7, 10, 16, 25 and 60 mm with various options in the number of photocells. In addition, they provide custom services to accommodate the specific needs of the researcher.
Why was the water system needed?
The water system was needed for various reasons. Initially, we supplied water to the bees by placing a 1.5 ml micro tube on a hole in the top of the sampling tube. However, this system required daily refilling, which was time consuming and required extensive handling. With the water system described in the present study, we ensure that every bee has a constant supply of water and decrease handling by dramatically decreasing the frequency (daily versus every 4 days) and duration (15 min versus 1 min) of refilling.
As this is a new apparatus, what might go wrong and how can the experimenter detect it?
Because the DAM has been available for more than 20 years, a troubleshooting section with the different problems that we have encountered with the system is already available in the DAM User's Guide (http://www.trikinetics.com/Downloads/DAMSystem%20User's%20Guide %203.0.pdf). Some of these problems are computer/software errors, communication errors, skipped readings and power outage. In addition, Trikinetics' technical support is excellent.
